of oxo-1,5-enynes bearing protected homopropargylic alcohols provides access to oxatricyclic adducts with good to excellent diastereoselectivity.
The cycloisomerization of 1,n-enynes catalyzed by gold(I) and other electrophilic metals is a powerful tool for the construction of complex carbocycles and heterocycles, including core scaffolds of biologically active natural products.
1- 3 We have reported that oxo-1,6-enynes react in the presence of gold(I) complexes to give oxatricyclic compounds through a formal [2+2+2] alkyne/alkene/carbonyl cycloaddition process. 4 The transformation presumably proceeds by attack of the carbonyl on the cyclopropyl gold carbene intermediate followed by Prins cyclization and deauration to afford the final oxatricyclic derivative. 4 In a similar vein, terminal alkynes and 5-oxoalkenes undergo a [2+2+2] cycloaddition reaction by intermolecular cyclization of the alkyne and the alkene followed by intramolecular attack of the carbonyl group to form [3.2.1]oxabicycles. 5, 6 Very recently, our group reported a similar transformation involving simple oxo-1,7-allenenes to afford bicyclo [6.3 .0]undecane ring systems. 7 The related gold(I)-catalyzed intermolecular reaction between allenamides and oxoalkenes forms seven-to nine-membered rings. 8 The synthetic potential of this [2+2+2] alkyne/alkene/carbonyl cycloaddition has been exploited for the synthesis of several oxygen-bridged sesquiterpenoids, such as (+)-orientalol F (1) 3a and (-)-englerin A (2) 3b,9 ( Figure 1 ). We envisaged that other naturally occurring compounds, such as isovelerenol (3) 10 and bakkenolide III (4) 11 with an octahydro-1H-indene core ( Figure 2 ) could be accessed starting from adequately functionalized oxo-1,5-enynes; however, examples involving those enynes are scarce.
1,12
Figure 1 Naturally occurring sesquiterpenes with a decahydro-4,8-epoxyazulene structure
In a preliminary study, we found that (E)-and (Z)-enynals 5 bearing a phenylsulfonyl group at the tether undergo an analogous cycloaddition reaction cascade to form related oxatricyclic adducts (Scheme 1).
12 Surprisingly, the cyclization of substrate (E)-5 was found to be poorly stereoselective yielding syn-6 and anti-6 in ratios that ranged from 1:1.5 to 3-4:1, whereas good stereoselectivities were achieved in the transformation of (Z)-5 into anti-6 (20-30:1 dr). We argued that these results could be explained if a stepwise process was occurring through diastereomeric in- 
Scheme 1 Gold(I)-catalyzed reaction of (E)-and (Z)-enynals 5
Therefore, we decided to study the stereoselectivity in the reaction of other differently substituted substrates. Herein, we wish to report our findings on the scope of the cycloaddition cascade of O-protected homopropargylic and allylic oxo-1,5-enynes. A theoretical study has also been performed to support the mechanism of this transformation and to explain the overall stereoselectivity of this process.
We first investigated the reaction of (Z)-6-methyl-9-oxonon-5-en-1-yn-4-yl benzoate [(Z)-7a] as the model substrate, using 5 mol% of commercially available cationic JohnPhos-gold(I) catalyst A ( Figure 3 ) at 25 °C in CH 2 Cl 2 . Under these conditions, we observed complete conversion of (Z)-7a to afford the cyclization product anti-8a in moderate yield (Table 1 , entry 1) together with decomposition products. Various solvents were also evaluated in order to find the optimum conditions (Table 1 , entries 2-7). Whereas no cycloisomerization was observed in THF, DME, DMSO, DMF, MeCN or MeOH, 13 the reaction proceeded in chlorinated or aromatic solvents. The best results were observed in toluene (Table 1 , entry 5) giving rise to anti-8a in higher yield. Thus, toluene was selected for further optimization. Efforts to improve this cyclization cascade using other gold catalysts were unsuccessful (Table 1 , entries 8-14). Although the reaction proceeded well with gold catalyst E (Table 1, entry 11), the use of sterically hindered phosphines resulted in a decrease in selectivity. To our delight, decreasing the concentration from 0.1 to 0.01 M substantially improved the reaction yield while maintaining the selectivity (Table 1 , entries 5, 15 and 16). Further studies revealed that longer reaction times did not have any detrimental influence on the outcome of the transformation (Table 1 , entry 18; 88% yield, 91:9 dr), and that performing the reaction at lower temperature did not improve the stereoselectivity (Table 1, entry 17) . Under the optimized conditions, the cyclization of (Z)-7a led to the formation of anti-8a in 90% isolated yield (92:8 dr). Additionally, the configuration of the major isomer could be confirmed by Xray diffraction (Figure 4, anti-8a) .
With optimized conditions in hand, we sought to evaluate the generality of the reaction. Different (Z)-and (E)-oxo-1,5-enynes bearing protected homopropargylic alcohols were prepared in four to six steps starting from commercially available nerol and geraniol, respectively (see experimental section). In general, moderate to good yields (38−90%) of the corresponding oxatricyclic adducts anti8a-j, syn-8a-e, syn-8g-i and syn-8k-l were obtained (Tables 2 and 3). Notably, the [2+2+2]-cycloaddition process never occurred with complete stereoselectivity.
All the studied (Z)-1,5-enynes 7a-j cyclized with good to high diastereoselectivities ( Table 2 ). The sterics of the substituent attached to the carbonyl group (R 2 in Table 2 ) did not seem to have a clear influence on the stereoselectiv- Interestingly, the cyclization of (E)-enynals 7a,b and 7k,l also proceeded with excellent stereoselectivity to give the expected oxatricyclic products syn-8a,b and syn-8k,l in satisfactory yields (Table 3 , entries 1, 2, 9 and 10). Additionally, other (E)-keto-1,5-enynes 7c-i were also examined. As shown in Table 3 , different trends were observed depending on the nature of the protecting group. Thus, alkyl-[(E)-7d] and aryl-substituted [(E)-7h] TBS-protected keto-1,5-enynes led to the formation of cyclized derivatives ( 
toluene 25 °C, 6-18 h R 2 P. Calleja et al.
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Syn thesis entries 4 and 7) in good yields and with high selectivity. In contrast, benzoate-protected 1,5-enynes bearing bulky substituents on the ketone (Table 3 , entries 5, 6 and 8) afforded the expected products, albeit with moderate yields and a dramatic loss of selectivity. The relative configurations of these compounds were assigned by analogy to that of syn-8c, which was established by X-ray crystallography (Figure 4, syn-8c) .
Intriguingly, the treatment of 1,5-enyne (E)-7k with cationic JohnPhos-gold(I) catalyst A (3 mol%) in CH 2 Cl 2 instead of toluene at 23 °C led to the isolation of unexpected crown ether 9, in low to moderate yield (Scheme 2). The structure 
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of this compound was confirmed by X-ray diffraction (Figure 5) . The formation of 9 can be rationalized by the bimolecular reaction of two oxocarbenium intermediates 11′ (Scheme 3, R 1 = R 2 = H), in which the protecting group has been cleaved under the conditions of the reaction.
We propose a mechanism for the formation of the oxatricyclic derivative syn-8 starting from (E)-7 initiated by activation of the alkyne to form a cyclopropyl gold(I)-carbene 10, followed by the intramolecular attack of the carbonyl group to generate the oxocarbenium intermediate 11′ (Scheme 3). Intermediate 11′ could form a second C-C bond through a Prins-type reaction with the alkenyl metal leading to carbene-like intermediate 12′, which is reminiscent of the mechanism for the gold(I)-catalyzed reaction of oxo-1,6-enynes. 4 A final 1,2-H migration would lead to alkenegold(I) complex 13′ after deauration and, ultimately, to product syn-8. The formation of the minor stereoisomer anti-8 from (E)-7 is consistent with the existence of another competitive stepwise process. Thus, the nucleophilic attack of the carbonyl group on the opposite face of intermediate 10 would lead to isomer anti-8 through intermediates 11 and 12.
The mechanistic proposal outlined in Scheme 3 is supported by DFT calculations at the M06, 6-31G(d) (C, H, P, O) and SDD (Au) levels, taking into account the solvent effect (IEFPCM = toluene) and employing PMe 3 as the phosphine ligand ( Figure 6 ). This study shows that the first cyclization giving rise to intermediate II (corresponding to 10 in Scheme 3) has the highest activation energy. It would thus be the rate-determining step if the ligand exchange equilibrium that regenerates the entering reactive species I from the final substrate-gold(I) complex is not considered. The calculated energy differences for the two competitive transition states, TS II-III (ΔG # = 3.3 kcal·mol -1
) and TS II-V (ΔG # = 9.5 kcal·mol -1 ), show that the formation of oxocarbenium intermediate III is kinetically more favored than the formation of V, which is in general agreement with our experimental findings. Furthermore, our calculations support the 
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existence of a discrete intermediate II in the cyclization of the 1,5-enyne, 15 which undergoes intramolecular nucleophilic opening to form preferentially intermediate III by an overall anti-type attack.
In summary, we have extended the scope of the intramolecular gold(I)-catalyzed formal [2+2+2] cycloaddition reaction to O-protected homopropargylic and allylic oxo-1,5-enynes. Under the optimized reaction conditions, the cyclization of (Z)-and (E)-isomers takes place with moderate to excellent yield (38-90%) and increased selectivity in most of the cases, providing access to substituted octahydro-1H-indenes. DFT calculations suggest that after the formation of the cyclopropyl gold(I)-carbene, two competitive pathways arising from the preferred face for the nucleophilic attack of the carbonyl group are involved in this transformation and can explain the observed lack of complete stereoselectivity. Investigations toward the synthesis of larger ring systems to access other natural sesquiterpene motifs are currently underway.
Reactions were performed under argon atmosphere in solvents dried by passing through an activated alumina column on a PureSolv™ solvent purification system (Innovative Technologies, Inc., MA). Thinlayer chromatography was carried out using TLC aluminum sheets coated with 0.2 mm of silica gel (Merck Gf234). Chromatographic purifications were carried out using flash grade silica gel (SDS Chromatogel 60 ACC, 40-60 μm). Melting points were determined using a Büchi melting point apparatus. NMR spectra were recorded at 25 °C on a Bruker Avance 300, 400 Ultrashield and Bruker Avance 500 Ultrashield apparatus. The data are reported as such: chemical shift (δ, ppm) [multiplicity, coupling constant (Hz), integration]. The chemical shifts are given in ppm downfield from tetramethylsilane using the residual protiosolvent as internal reference. The abbreviations for multiplicities are: s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), sext (sextet), sept (septet). Mass spectra were recorded on a Waters Micromass LCT Premier (ESI) instrument. Crystal structure determinations were carried out using a Bruker-Nonius diffractometer equipped with an APEX II 4K CCD area detector, an FR591 rotating anode with MoKα radiation, Montel mirrors as the monochromator and a Kryoflex low temperature device (T = -173 °C). Full-sphere data collection was used with w and j scans. Programs used: data collection APEX-2, data reduction Bruker Saint V/.60A and absorption correction SADABS. Structure solution and refinement: crystal structure solution was achieved using direct methods as implemented in SHELXTL and visualized using the program XP. Missing atoms were subsequently located from difference Fourier synthesis and added to the atom list. Least-squares refinement on F2 using all measured intensities was carried out using the program SHELXTL. All non-hydrogen atoms were refined including anisotropic displacement parameters.
Allylic Homopropargylic Protected Alcohols S1; General Procedure (E)-6,10-Dimethylundeca-5,9-dien-1-yn-4-ol [(E)-S1] and (Z)-6,10-dimethylundeca-5,9-dien-1-yn-4-ol [(Z)-S1] were prepared according to known literature procedures. 16 Spectroscopic data were in agreement with those reported (see Supporting Information).
Preparation of Benzoic Esters of S1 (S2a)
In a dry round-bottom flask under argon, S1 (1 equiv) was dissolved in pyridine (1 M solution) and the solution was cooled to 0 °C. Benzoyl chloride (1.1 equiv) was added slowly dropwise. The mixture was stirred at 0 °C for 1 h after which time TLC indicated full conversion of S1. The suspension was poured over 3-5% aq HCl (10 volumes of pyridine) and extracted with Et 2 O (2 × volume HCl aq ). The combined ethereal extracts were washed with 3-5% aq HCl (5 × 1/2 initial volume HCl aq ), the washed organic phase dried over Na 2 SO 4 and the filtrate concentrated. The crude material was purified by column chromatography on silica gel eluting with pentane/Et 2 O (98:2 to 9:1) or cyclohexane/EtOAc (95:5 to 9:1).
(E)-6,10-Dimethylundeca-5,9-dien-1-yn-4-yl Benzoate [(E)-S2a]
Prepared on 3 g scale from (E)-S1; the product was isolated as a pale yellow oil (3.70 g, 80%). 
Preparation of the TBS Ether of S1 (S2b)
In a dry round-bottom flask under argon, S1 (1 equiv) was dissolved in CH 2 Cl 2 (0.3-0.6 M solution) and the solution was cooled to 0 °C. Imidazole (1.8-2 equiv) and DMAP (ca. 1-5 mol%) were added followed by the addition of TBSCl (1.5 equiv) [solid or as a solution in CH 2 Cl 2 (3.78 M)]. The mixture was then allowed to warm to 25 °C and stirred for 2-6 h after which time TLC indicated full conversion of S1. The suspension was poured on brine (3 volumes of CH 2 Cl 2 ) and the organic layer collected. The aq layer was re-extracted with CH 2 Cl 2 (2 × 1/2 volume brine). The combined organic extracts were washed with brine (1/2 initial volume brine), the washed organic phase dried over Na 2 SO 4 
Preparation of the TES Ether of S1 (S2c)
In a dry round-bottom flask under argon, S1 (1 equiv) was dissolved in CH 2 Cl 2 (0.3 M solution) and the solution was cooled to 0 °C. Imidazole (2 equiv) and DMAP (1.11 equiv) were added followed by the addition of TESCl (1.5 equiv). The mixture was then allowed to warm to 25 °C and stirred for 1 h after which time TLC indicated full conversion of S1. The suspension was poured on brine (3 volumes of CH 2 Cl 2 ) and the organic layer collected. The aq layer was re-extracted with CH 2 Cl 2 (2 × 1/2 volume brine). The combined organic extracts were washed with brine (1/2 initial volume brine), the washed organic layer dried over MgSO 4 and the filtrate concentrated. The crude material was purified by column chromatography on silica gel eluting with pentane/Et 2 O (90:10).
(E)-[(6,10-Dimethylundeca-5,9-dien-1-yn-4-yl)oxy]triethylsilane [(E)-S2c]
Prepared on 579 mg scale from (E)-S1; the product was isolated as a pale yellow oil (795 mg, 87%). 
Preparation of the MOM Ether of S1 (S2d)
In a dry round-bottom flask under argon, S1 (1 equiv) was dissolved in CH 2 Cl 2 (0.3 M solution) and the solution was cooled to 0 °C. N,NDiisopropylethylamine (3 equiv) was added followed by the addition of MOMCl (3 equiv). The mixture was then allowed to warm to 25 °C and stirred for 2 h after which time TLC indicated full conversion of S1. The suspension was poured on brine (3 volumes of CH 2 Cl 2 ) and the organic layer collected. The aq layer was re-extracted with CH 2 Cl 2 (2 × 1/2 volume brine). The combined organic extracts were washed with brine (1/2 initial volume brine), the washed organic phase dried over MgSO 4 and the filtrate concentrated. The crude material was purified by column chromatography on silica gel eluting with pentane/Et 2 O (9:1 to 8:2). 
Preparation of Aldehydes 7 from S2; General Procedure
In a dry round-bottom flask under argon, AD-mix-α (1.4 g per mmol of S2) and methylsulfonamide (1 equiv) were dissolved in tBuOH/H 2 O (1:1) (15 mL per mmol of S2) and the solution was cooled to 0 °C. S2 (1 equiv) was added slowly as a solution in t-BuOH (0.5 mL per mmol). The mixture was stirred at 0 °C for 5 min then allowed to warm to 25 °C and stirred for 16 h. TLC indicated full conversion of S2 into the diol. The suspension was quenched by addition of a sat. solution of Na 2 SO 3 (15 mL per mmol) and then solid Na 2 SO 3 (2 g per mmol). The resulting mixture was stirred at 25 °C for 1 h, then poured on brine (5 volumes of t-BuOH) and extracted with EtOAc (4 × volume t-BuOH). The combined organic extracts were washed with a sat. solution of Na 2 SO 3 (15 mL per mmol) (2 × volume t-BuOH) and a sat. solution of NaHCO 3 (volume t-BuOH). The washed organic extracts were dried over Na 2 SO 4 and the filtrate concentrated. The crude diol was redissolved in HPLC grade CH 2 Cl 2 (20 mL per mmol) and the solution cooled to 0 °C and NaIO 4 @SiO 2 17 (2 g per mmol) was added. The suspension was stirred at 25 °C for 1.5-3 h after which time TLC indicated full conversion of the diol. The solids were filtered off on a pad of Celite and washed with Et 2 O (3 × 10 mL per mmol) and the filtrate concentrated. The resulting crude aldehyde was purified by column chromatography on silica gel eluting with pentane/Et 2 O (98:2 to 9:1) or cyclohexane/EtOAc (90:10 to 80:20) to afford the pure aldehyde. 
(E)-6-[(tert-Butyldimethylsilyl)oxy]-4-methylnon-4-en-8-ynal [(E)-7b]
Prepared on 2.24 g scale from (E)-S2b; the product was isolated as a pale yellow oil (1.314 g, 64%). 
(Z)-6-[(tert-Butyldimethylsilyl)oxy]-4-methylnon-4-en-8-ynal [(Z)-7b]
Prepared on 3.0 g scale from (Z)-S2b; the product was isolated as a pale yellow oil (2.40 g, 87%). 
(E)-4-Methyl-6-[(triethylsilyl)oxy]non-4-en-8-ynal [(E)-7l]
Prepared on 790 mg scale from (E)-S2c; the product was isolated as a pale yellow oil (506 mg, 70%). 
(E)-6-(Methoxymethoxy)-4-methylnon-4-en-8-ynal [(E)-7k]
Prepared on 650 mg scale from (E)-S2d; the product was isolated as a pale yellow oil (385 mg, 57% 
Ketones 7c-j; General Procedure
Depending on the polarity of the alcohol intermediate S3 (and the ease of purification), one of the two following methods was used for the preparation of ketones 7c-j.
Method A
In a dry flask under argon, the corresponding aldehyde 7a,b (1 equiv) was dissolved in anhydrous THF (ca. 4 mL per mmol) and the solution was cooled to -78 °C. A solution of Grignard reagent R-MgX (1.5 equiv) was added slowly at -78 °C. The mixture was stirred at -78 °C for 1.5-3 h during which time a milky suspension was observed. The suspension was quenched by addition of a sat. aq solution of NH 4 Cl (ca. 5 mL per mmol) at -78 °C, then allowed to warm to 25 °C whilst stirring vigorously. It was then poured on brine (70 mL per mmol) and extracted with Et 2 O (3 × 40 mL per mmol). The combined ethereal extracts were dried over Na 2 SO 4 and the filtrate concentrated. The crude material was purified by column chromatography on silica gel eluting with cyclohexane/EtOAc to afford the alcohol as a mixture of diastereomers (the unreacted aldehyde can be recovered and recycled at this stage).
The pure alcohol was redissolved in CH 2 Cl 2 (ca. 10 mL per mmol) and the solution cooled to 0 °C and NaHCO 3 (5 equiv) and Dess-Martin periodinane (1.2 equiv) were added sequentially. The mixture was stirred at 0 °C for 1-2 h and then at 25 °C for 1-2 h after which time TLC showed full conversion of the alcohol into the less polar ketone. The mixture was either quenched by addition of a sat. solution of Na 2 S 2 O 3 and extracted with CH 2 Cl 2 or diluted with pentane (2-3 × volume CH 2 Cl 2 ) and filtered. The resulting crude product was purified by chromatography on silica gel eluting with cyclohexane/EtOAc to afford the title ketone.
Method B
In a dry flask under argon, the corresponding aldehyde 7a,b (1 equiv) was dissolved in anhydrous THF (ca. 4 mL per mmol) and the solution was cooled to -78 °C. A solution of Grignard reagent R-MgX (1.5 equiv) was added slowly at -78 °C. The mixture was stirred at -78 °C for 1.5-3 h during which time a milky suspension was observed. The suspension was quenched by addition of a sat. aq solution of NH 4 Cl (ca. 5 mL per mmol) at -78 °C, then allowed to warm to 25 °C whilst stirring vigorously. It was then poured on brine (70 mL per mmol) and extracted with Et 2 O (3 × 40 mL per mmol). The combined ethereal extracts were dried over Na 2 SO 4 and the filtrate concentrated. The crude alcohol (containing the unreacted starting aldehyde) was redissolved in CH 2 Cl 2 (ca. 10 mL per mmol) and the solution cooled to 0 °C and NaHCO 3 (5 equiv) and Dess-Martin periodinane (1.2 equiv) were P. Calleja et al.
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added sequentially. The mixture was stirred at 0 °C for 1-2 h and then at 25 °C for 1-2 h after which time TLC showed full conversion of the alcohol into the less polar ketone. The mixture was either quenched by addition of a sat. solution of Na 2 S 2 O 3 and extracted with CH 2 Cl 2 or diluted with pentane (2-3 × volume CH 2 Cl 2 ) and filtered. The resulting crude product was purified by chromatography on silica gel eluting with cyclohexane/EtOAc to afford the title ketone (the unreacted aldehyde can be recovered and recycled).
(E)-9-Hydroxy-6-methyldec-5-en-1-yn-4-yl Benzoate [(E)-S3c]
Prepared on 300 mg scale from (E)-7a according to method A and using a commercial solution of MeMgBr in Et 2 O (3 M). The product was purified by silica gel column chromatography eluting with cyclohexane/EtOAc (4:1 to 3:1) and obtained as a colorless oil (221 mg, 70%, ca. 1:1 dr). Note: in the proton assignments below '1 H + 1 H' refers to a signal accounting for one proton of each diastereomer; likewise, '1 C + 1 C' refers to a signal accounting for one carbon of each diastereomer. 
(E)-7-[(tert-Butyldimethylsilyl)oxy]-5-methyldec-5-en-9-yn-2-ol [(E)-S3d]
Prepared on 500 mg scale from (E)-7b according to method A and using a commercial solution of MeMgBr in Et 2 O (3 M). The product was purified by silica gel column chromatography eluting with cyclohexane/EtOAc (95:5 to 9:1) and obtained as a colorless oil (470 mg, 89%, ca. 1:1 dr). Note: in the proton assignments below '1 H + 1 H' refers to a signal accounting for one proton of each diastereomer; likewise, '1 C + 1 C' refers to a signal accounting for one carbon of each diastereomer. 
(E)-7-[(tert-Butyldimethylsilyl)oxy]-5-methyldec-5-en-9-yn-2-one [(E)-7d)]
Prepared on 470 mg scale from (E)-S3d according to method A. The product was purified by silica gel column chromatography eluting with cyclohexane/EtOAc (9:1) to afford a colorless oil (338.7 mg, 73%); 65% yield over 2 steps. 208.3, 135.3, 128.3, 81.7, 69.5, 68.4,  42.1, 33.3, 30.0, 28.7, 26.0 (3 C), 18.3, 17.2, -4.2, -4 
